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INTRODUCTION
In deterministic model testing, focusing wave groups are used for the simulation of dedicated wave environments. They are characterized by the transient appearance of one relatively steep wave crest and by well-defined periods and phase relations. They can therefore be used to model deterministic wave sequences for model tests [1] , [2] , [3] . Thus, transient waves can be used for the generation of breaking waves on vertical cylin-The phasing of the wave components which leads to an exact focusing in one point in time and space is strongly dependent on the correct modeling of the wave phase velocity while the position of the focusing point depends on the wave group celerity. A focusing wave group or transient wave packet consists of subsequently generated waves with increasing propagation speeds so that all components meet in the so-called focusing or concentration point. After that point, they diverge in opposite order. Transient waves for model excitation were originally proposed by [8] and further developed by [9] and [10] . [11] recommended a special type of transient waves called Gaussian wave packets which have the advantage that their propagation behavior can be predicted analytically [12] . With increasing efficiency and capacity of computers the restriction to a Gaussian distribution of wave amplitudes has been abandoned, and the entire process is performed numerically [13] . Since they have a short extension and consequently a small sensitivity with regard to disturbing frequencies they can be used to determine the RAOs of models within only one test run. The shape and width of the wave spectrum can be selected individually for providing suffi-cient energy in the relevant frequency range. [14] extended the linear approach to the generation and analysis of very high transient wave packets.
For wave generation purposes, the calculation of a wave maker signal based on a target wave train at a desired position in the tank (inverse or backward modeling) is of crucial importance. Numerical wave tanks and empirical approaches are often calibrated based on wave characteristics measured in a particular tank. This paper presents model test results for the variation of frequency range, steepness and focal point of focusing wave groups at intermediate water depth. The measured characteristics are compared to predicted parameters.
TEST SETUP AND MODEL SCALE
Wave measurements were carried out at MARIN's Shallow Water Basin which has the following dimensions: 
VARIATION OF WAVE CONDITIONS
The focusing wave trains studied in this paper are summarized in Table 1 . In our study, also further application examples were included which will be described in a later section. The spectrum used for the focusing was optimized earlier for the generation of focusing wave groups, in particular to avoid wave breaking prior to the focal point. Basically, it could be replaced by other arbitrary types of spectra. The number n of wave frequencies was determined by the number of time samples N; n = N 2 − 1 with a frequency step width of ω = 2π n t , t sample rate.
RESULTS

A Really Linear Focusing Wave Group
The focusing wave group Wp 1 serving as a reference case is shown in Fig. 1 . Each picture shows the wave time trace mea- For better comparison, the time and wave elevation scale is kept constant for all positions. Each picture contains both the measured wave train in red and the targeted wave train calculated by linear wave theory (based on the wave train to be generated by the wave maker in blue). There is hardly any difference between both time traces. In the first diagram, it even seems that there is only one graph present. This first diagram shows the still very small and long wave train with the shorter waves coming first, followed by the longer waves. On their way through the wave tank, shorter waves are caught up by the longer and therefore faster wave components such that they superimpose in one focusing point at 49.50 m from the wave board. If we zoom in at the position of the focusing point and 0.50 m further downstream, which is given in Fig. 2 , we can identify some slight differences between the measured and the target wave train. However, we conclude that these differences are rather due to some general model test inaccuracy than due to non-linear wave propagation. As this wave group can be predicted by linear wave theory, even in the area of the focusing point, the choice of WP 1 as a linear reference case is justified. 
Variation of Frequency Bands (or Relative Water Depth)
Based on the reference case Wp 1, the frequency band is varied according to Table 1 , resulting in the Fourier spectra compared in Fig. 5 .
In Fig. 3 , the focusing wave group Wp 4 with the same maximum wave elevation as our reference wave Wp 1, but reduced frequency band width (less high frequency components, ω = 1 . . . 9 rad/s) is shown. We can note that it is still predicted quite well by linear wave theory up to 10 m in front of the focusing point. In the focusing point itself and 0.50 m further downstream the deviation becomes more obvious (Fig. 4) . By looking at the wave asymmetry, it can be seen that the focusing point must be somewhere between 49.50 m and 50 m, thus slightly further downstream than predicted by linear theory (In time domain, a trough being deeper on the left hand side indicates a situation before focusing, a deeper trough on the right hand side after focusing). A shift of the focusing point to another position (without a change of phasing within the wave group itself) can be observed for rather long (and higher) waves. It can be concluded that this wave group seems to behave more "low frequent" than the reference case, and this only due to the fact that some higher frequency components were not generated, but no lower frequencies added.
If we shift the frequency band even further to the low frequent wave components, we see the following development of the wave group Wp 10 ( Fig. 6 ). It seems that the wave train behaves still rather linear, but maybe a slight shift of the focusing point to a location a bit further downstream can be suspected (Fig. 7) .
In Fig. 8 , the focusing wave group Wp 7 with the same maximum wave elevation as our reference wave Wp 1, but reduced frequency band width (less low frequency wave components this time) is shown. In the focusing point itself and 0.50 m further upstream, we can state that the focusing is well established which means that we see a very symmetric focusing shape of the wave in time. However, that wave train appears to arrive too early at the focusing point. Such, the same total maximum wave eleva- tion in the focusing point as in the previously discussed cases, combined with a higher frequency band, or removed low frequencies, results in an increase of phase speed. The focusing appears to happen slightly earlier than predicted by linear theory. At x = 40 m, the phasing has become shifted, and it seems that the high frequency components are travelling slightly slower than theory and he low frequency components slightly faster than linear theory would predict. It is still to be investigated why this is. As compared to lower frequency bands, the troughs around the focal point are deeper. Also a shift of frequencies can be observed during the passing of the focal area if we compare the spectra of WP 7 there (Fig. 9) , possibly due to wave breaking.
If we increase the frequency band of the linear focusing wave group (reference case) at both sides, keeping the same max- imum wave elevation in the focusing point, the wave packet (Wp 11) shows a relatively linear behavior in front of and behind the focusing point (Fig. 10, components seem to focus at the same location and time: There are some higher frequency oscillations before and after the actual focusing. In this case, we can identify the phenomenon of a shift in space of the focusing point as well as "non-focusing" of some components which could be described as some shallow water effect combined with a result of a change in phasing due to non-linear wave-wave interaction.
Summarizing our tentative observations, we can find the following:
• There seems to be a kind of optimum parameter set of wave frequency band, maximum wave elevation (in the focusing point) and water depth which characterizes the focusing wave group as a linearly predictable one. This might be considered a naive statement but will be necessary to develop a rule of thumb for deterministic wave generation.
• Reducing the number of higher frequencies only, the wave train gets more of a shallow water wave character, its phase speed gets closer to its group speed, and the frequency components propagate more or less dependent on the water depth although the higher frequencies travel at their "normal" speed relatively to the "carrier wave". Thus the focusing point occurs further downstream because from a certain moment on the higher frequent waves are carried by the long shallow water waves which seems to increase the group speed without affecting the phasing during this process. Thus, the focusing point is further downstream, maintaining a symmetrical wave shape in time.
• Considering a frequency band at higher frequencies only leads to a focusing point earlier in time.
• Increasing the frequency band width in total, a combination of the above phenomena occurs.
Increase of Initial Wave Elevation
Up to now, the variation of frequency band was considered while keeping the wave elevation roughly constant. In the following, the wave elevation is increased systematically. In Fig. 12 , the focusing wave group Wp 1 which could be predicted by linear wave theory (Fig. 1 ) is increased to a wave elevation of 0.15 m instead of 0.05 m. This gives Wp 2 which first appears to behave linear, even up to 40 m distance from the wave maker. Somewhere between the wave probe at 40 m and the focusing point, wave breaking occurs resulting in a somewhat deformed time trace at the focal point. Shortly behind the focusing point, the steepness increases dramatically once again (Fig. 13) . Wave breaking is likely to occur once more. Shortly further downstream, from x = 56 m on, it becomes evident that higher frequency components are broken out of the wave train. This is also confirmed by a comparison between the Fourier spectra of the original wave and the increased wave (Fig. 21 on the last page) .
Increasing the wave height of the wave group Wp 4 (reduced frequency band at its higher end) to the same value of 0.15 m, the wave Wp 5 does not behave as non-linear as the one with the full frequency band (Fig. 14) . Close to the focusing point, it is evident that wave breaking has occurred (compare spectra in Fig.15) . However, the wave in Fig. 14 does not appear as "collapsed" as Wp 4 in Fig. 3 . The biggest evidence of non-linear effects is the wave elevation which is much higher than predicted by linear theory, even before the focusing point. Furthermore, the actual focusing point is shifted to a more downstream position as compared to the case with the smaller elevation. Thus, also nonlinear shallow water effects gain significance. The focusing wave group Wp 10 with the lowest frequency band from Fig. 7 shows as Wp 12 similar effects when increased in elevation, but not as pronounced (Fig. 16) . However, also here, the occurrence of the focusing point is shifted even further downstream than compared to the lower case.
In Fig. 17 , the wave group Wp 7 with the high frequency band is increased in height which results in Wp 8 with massive wave breaking already far away from the focusing point such that no actual focusing is realized. The wave steepness at 40 m is obviously increased and the high frequency components run ahead the linear prediction. However, it seems that much further downstream the wave tries to focus with the remaining frequencies.
A closer look to the Fourier spectra in Fig. 18 reveals that the width of the spectrum is reduced the more the further downstream we look.
The wave packet with the largest frequency band, Wp 14, occurs very similar to the increased reference case Wp 2. Even close to the focal point (Fig. 19) , the time profile is very much alike, except for steeper crests due to more high frequency components.
We increased the maximum wave elevation further to 0.25 m, but due to limited space we just want to mention that interestingly the general shape of wave group Wp 6 at 0.25 m (Fig. 22) looks very much alike the wave group Wp 2 at 0.15 m close to the focusing point. Furthermore, the wave trains tend to become more steepened and asymmetric (Fig. 23) . Making the wave trains steeper, the focusing might be affected such that not all components focus in one point in time and space anymore as the higher frequencies propagate at higher speed as compared to linear wave theory. 
CONCLUSIONS AND PERSPECTIVES
The observed characteristics of the measured focused wave groups are summarized in Table 2 . The non-linear behavior of the wave trains can be characterized by the following phenomena:
• Asymmetry in front of and behind focusing point • Location of focusing shifted • Wave breaking • Sharp and asymmetric crests • Change of frequency band An increase of crest height as well as a change to a sharpened crest profile could be observed for Wp 5 (Fig. 14) and Wp 13 (Fig. 23) . Wp 12 showed an increase in crest height without asymmetry occurrence (Fig. 16) .
In general, it can be observed that a restriction in frequency range leads to a better agreement of the actual ave propagation with linear theory. This could be due to reduced wave celerity differences and less wave-wave interactions. As an example for the application of the wave packet technique, Fig. 24 shows a tailor-made high wave sequence embedded in a sea state which is basically a focusing wave group generated deterministically in a realistic sea environment. This illustrate that although this technique is based on linear wave theory it can be used to generate high wave events.
As the wave focusing technique can be used for calibrating wave tanks (for deterministic wave generation), we will gain more insight in the opportunities that our wave tanks offer. Understanding of wave packets in model testing means understanding wave theory and facilities as well as some major characteristics and wave effects in wave hydrodynamics. In this sense, this study might also serve as a case study in basic wave understanding.
For the near future we plan to derive empirical formulas for deterministic wave generation based on the entire data set we re- ceived from this study. Furthermore, third order effects on components phase velocity could be used to derive the wave maker motion and compared to the experiments discussed. International Conference on Offshore Mechanics and Arctic Engineering. OMAE2005-67123.
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